The subjective experience reported by the subjects folan advantageous choice under uncertainty and risk. Belowing the scan was that they were eager to win the chara et al. (1999) addressed this question by measuring game and tried to make advantageous choices to SCRs during a gambling task in patients with localized achieve that goal. An analysis of the players' choices lesions in either the amygdala or ventromedial prefrontal revealed that on the average subjects chose equally (VMPF) cortex. It was found that both intact amygdala between match and nonmatch chips throughout the and VMPF cortex were necessary for effective goalgame. Figure 2A depicts the players' nonmatch choice directed behavior, but in different ways. The amygdala index and the opponent's show response index during was suggested to be more critical than VMPF for dealing the game (see Experimental Procedures for details on adaptively with affective aspects of the decision the measurements). The players' choices and the oppoprocess.
nent's responses on average comprised of equal In this study, the intact amygdala response was moniamounts of each option (match versus nonmatch and tored directly by fMRI while subjects played an intershow versus no-show, respectively). The averaged calactive modified domino game against the experimenter. culated player's nonmatch choice index across all The subject (player) was actually involved in naturalistic games was 0.513 (0.331 SD), and the averaged calcuchoice behavior that was guided by the abstract goal lated opponent's show response index was 0.566 (0.341 of winning against the experimenter (opponent). In order SD). Nonetheless, there was a trend for the opponent to win the game, the player was sometimes forced to to become biased to respond more with "Show" as the bluff the opponent, thereby taking the risk of getting game duration approached 5 min ( Figure 2A , light mation for a short demo of the game). At the beginning gray line). In order to further explore the relationship of the game, one master chip and twelve game chips between the player's choice and opponent's response, were assigned to the player's board. In order to win, the a two-way ANOVA was performed with opponent's replayer had to get rid of all the assigned chips as quickly sponse (show index) and game duration (minutes) as as possible. At each round of the game, the player was factors and player's choice (nonmatch index) as the required to choose a chip from the board. The opponent dependant variable. The main effect and interaction was blind to the choice made. A chosen chip could be were not significant, suggesting that the players' reeither a match or a nonmatch relative to the master chip sponses did not change as a function of the opponent's ( Figure 1A, red arrow) . A nonmatch was a chip for which responses. neither of the numbers matched the numbers on the masAn additional aspect of game progression was defined ter chip. Then, the opponent could either ask the player with respect to the number of chips left for the subject to expose the chosen chip or continue with the game.
to get rid of representing the asset position (see ExperiThus, the outcome of each round depended on the combination of the player's choice (match or nonmatch) and mental Procedures for details). As expected, high asset . At the beginning of a round, the command "Choose" directs the player to mentally choose a chip from the chips assigned to him (depicted on the bottom of the board). After the command "Ready," the player is required to move the cursor to mark his chosen chip. Following the command "Go," the player is required to actually pick it and waits for the opponent's response. Having observed the subject making his choice, the opponent can ask the subject to expose the chosen chip or not to expose the chip and continue to the next turn. Accordingly, three intervals of interest were characterized during a round: "decision-making" (A), "expectancy-to-outcome" (C), and "response-to-outcome" (D). The interval from the onset of the instruction "Go" until the player's last motor action of pick, is marked in gray (B). The "expectancy-to-outcome" interval is divided into two possible events depending on the player's choice: nonmatch (red) or match (blue). Subsequently, the "response-to-outcome" interval is divided into four outcomes, depending on the two possible responses of the opponent: expose the chosen chip (filled arrows) or continue to the next turn (dotted arrows). The actual gain or loss in each round is depicted as the number of chips subtracted or added to the chips assigned initially to the player (E). The relative gain or loss is calculated as the difference between the gain or loss of the actual outcome and the alternative outcome (see Experimental Procedures for details) (F). Note that the magnitude of actual outcome is greater when opponent response with a show than a no-show, while the magnitude of counterfactual comparison (relative gain or loss) is greater when the player makes a nonmatch choice then a match choice.
was associated with early stages of the game while low Figure 3A . There were no statistically significant differasset was associated with later stages of the game. The ences between left and right amygdala for these analysubjects' choice behavior did not differ according to ses. Hereafter, the data are presented as an average asset position. This was demonstrated in a one-way for both amygdala. Events following nonmatch choices ANOVA of choice index by asset position that was not evoked an increase in signal relative to baseline and significant, and by comparison of the choice nonmatch were significantly different from events following match index of the three asset positions against a hypothesized choices. This effect was significant, as demonstrated mean of 0.5 that was also not significant ( Figure 2B Figure 2C . p Ͻ 0.05). The signal for nonmatch choices was significantly larger than for match choices (planned contrast between nonmatch versus match choices for the duraAmygdala Activation during "Expectancy-totion of 7.5 s post interval onset: F ϭ 60.619, p Ͻ 0.0001, Outcome" Interval Figure 3A ). Analysis of the fMRI data revealed that while the player A general linear model (GLM) was defined using the was expecting the outcome, the amygdala was actiplayer's choices and opponent's responses as prevated differentially depending on the type of choice (i.e., dictors. A GLM contrast with nonmatch choice as a nonmatch or match). These results were obtained both positive predictor was used to probe for nonmatch when the amygdala was identified structurally and funcchoice-related voxels. Figure 4 shows individual parationally (see Experimental Procedures). metric maps for three representative subjects. Single Averaged fMRI response during the "expectancy-tosubject GLM analyses demonstrated robust bilateral outcome" interval obtained from anatomically defined region of interest (ROI) of the amygdala is presented in amygdala activation for all the subjects. The time course Table 1 ).
In order to test whether the amygdala activation dur-5A shows the data sorted by four possible outcomes and averaged across 7.5 s post opponent's response ing the "expectancy-to-outcome" interval changed as a function of the number of chips left for the subject to ( Figure 1E A GLM contrast with show response (following either pectancy-to-outcome" interval and therefore were directly influenced by different preinterval signal amplimatch or nonmatch choices) as a positive predictor was used to probe for show-related voxels in the amygdala.
tudes. Moreover, the no-show outcome events were not perfectly symmetrical to the show outcome events, Both left and right amygdala contributed to the individually described signal change during the "response-tosince the player immediately started to mentally select the next chip for the former, but had about 7.5 s to wait outcome" interval. 
uncorrected). Note that a direct comparison between nonmatch and match
"Expectancy-to-Outcome": Anticipated Emotions While the player was expecting the outcome, there was choices was not possible since they occurred following different temporal dynamics of the amygdala at the "exa differential activation of the amygdala according to the risk of being exposed and the subsequent loss. In the regret (with choice) or disappointment (without choice) could account for the amygdala larger activation to propresent game paradigm, players were forced to occasionally make a nonmatch choice; thus, it is unlikely that spective negative outcome. Direct experimental comparison between "expectancy-to-outcome" with and they felt guilty about it. However, they could have felt shame for the prospect of "being caught" when bluffing.
without choice would further delineate the contribution of the value of choice by itself to the amygdala response. The risk of greater loss following a nonmatch choice could also provoke negative emotion that would influThe observed hypersensitivity of amygdala to negative anticipated emotions are in accord with findings in ence the amygdala response. In our game paradigm, both choices entailed risk of loss, although of different awake cats, showing increased firing rate and greater neuronal synchronization in the lateral amygdala during magnitudes (i.e., large loss following a request to show a nonmatch choice versus a small loss when not reanticipation of noxious stimuli (Pare and Collins, 2000). In another study, unit recordings in rats indicated that quested to show a match choice; Figures 1E and 1F) . Therefore, it is suggested that the amygdala is most neurons in the amygdala signal not only the value of an already received reinforcement, but also the expectancy affected by the prospective magnitude of loss and not just by a risk of any loss.
to negative outcome even before learning has been established. Moreover, the majority of neurons in the According to the somatic marker hypothesis, risky choices evoke anticipatory SCRs that represent the afamygdala fired more when a negative outcome was expected than when a positive outcome was expected fective attributes in the process of decision-making (Damasio, 1994; Bechara et al., 1999). Moreover, decision (Schoenbaum et al., 1998) . It was proposed that such prelearning differential amygdala activity to prospective affect theory suggests that it is not the actual emotion, but rather anticipated emotion, that interacts with the value of outcome provides an important cue for avoiding aversive outcomes in the early stages of learning. Our choice process. More specifically, it proposes that risky choices evoke anticipated emotions that relate to either subjects participated in an over-learned risky choice behavior, and no strategy seemed to be acquired regret (a feeling evoked by considering the player's own choice) or disappointment (a feeling evoked by considthroughout the game by the player (Figure 2A) . Thus, the specific response of the amygdala to expected large ering alternative options of the opponent's response) Sugden, 1982, 1986 ., 2001 ). This study and our data suggest that the amygdala is involved in the process of attaching Furthermore, amygdala damage has been shown to lead to difficulty in making advantageous choices under affect to appraisal of prospective negative outcome. However, the origin of this affect in each study might uncertainty in a gambling task with a monetary outcome (Bechara et al., 1999). This difficulty corresponded to a be different. In our study, subjects were engaged in active choice behavior between fair and foul that deterlack of anticipatory SCRs before choosing from a disadvantageous card deck. It was assumed that the impairmined the dominating negative valence of the prospective outcome; thus, their main anticipated emotion was ment in making an advantageous choice in these patients was related to their inability to encode and most likely regret (Mellers et al., 1999 Following either match or nonmatch choices, the amygAnticipated negative emotions were assumed to be asdala was more activated when the opponent asked the sociated with, and possibly generated by, a cognitive player to reveal the chosen chip (show outcome) than process of inferring subjective value to a choice in terms when was not (no-show outcome) ( Figure 5A ). Thus, in of loss or gain probability and cost (Kahneman and Tvercontrast to the "expectancy-to-outcome" interval, dursky, 1979). However, this perceived value of choice ing the "response-to-outcome" the amygdala was tuned could have changed with game progression. Interestmore to the type of opponent's response than the playingly enough, in our study, when events during the "exer's choice. Accordingly, amygdala response seems to pectancy-to-outcome" interval were divided according correspond to the magnitude of the outcome rather than to their asset positions, there was a significant asset to its direction (gain or loss). As is shown in Figure 1E , effect in addition to the choice effect ( Figure 3B) . Amygthe magnitude of gain or loss of show outcome was dala response following a nonmatch choice decreased greater than that of the no-show outcome, irrespective with asset changing from high (many chips left to be of the subject's choice (match or nonmatch). Furtherdisposed) to low (few chips left to be disposed). Furthermore, the amygdala response did not seem to correlate more, the difference in activation between match and with the possible valence of experienced emotions due nonmatch choices was getting smaller as asset deto counterfactual comparisons (Mellers et al., 1999). A creased. Based on this finding, it is tempting to suggest counterfactual comparison can be regarded as the prothat the amygdala response while the subject was excess of comparing the actual with the alternative outpecting the outcome was affected not only by the excome. For example, in the case of the opponent's pected magnitude of immediate negative outcome, but "Show" request, the experienced emotion could be eialso by the size of asset. Asset position in the game ther of positive valence (i.e., satisfaction) when it follows could reflect the likelihood of winning the game. At low a match choice, or of negative valence (i.e., disappointasset position where the game seems to be close to the ment) when it follows a nonmatch choice. Such relatively end, match and nonmatch choices would be perceived low sensitivity of the amygdala to valence of outcome as similarly critical for winning the game. Thus, it is is in accordance with animal and human data suggesting suggested that the amygdala is most sensitive to the a role for the amygdala in evoking somatic responses difference between choices when the player is more to both punishment and reward (Hatfield et al., 1996; engaged in immediate outcome evaluation (i.e., high or Bechara et al., 1999). Moreover, recent fMRI studies medium asset position). In fact, most of our subjects showed a change in activation of the amygdala with reported after scanning that when they reached the magnitude of either loss or gain in gambling tasks (Zalla stage of having fewer chips (i.e., low asset position) they et al.
, 2000; Breiter et al., 2001). felt less anxious about the outcome of every step and
The value of outcome could also be affected for better were more focused on achieving their final goal of winor worse by the magnitude of the alternative outcome ning the game. Thus, the change in the value of choice (i.e., represented by the difference between the actual could be accountable for the decrease in amygdala reand alternative outcomes). In our game, the largest relasponse at low asset position. Altogether, the asset analtive loss was experienced following show nonmatch (see ysis proposes that human amygdala may be most effecExperimental Procedures; Figure 1F ). Although the tive at signaling the value of a choice with respect to amygdala response was slightly larger for show nonthe immediate expected outcome. match than show match, it was not statistically signifiThere are, however, two alternative interpretations for cant ( Figure 5A ). Hence, overall there was no effect of the asset effect. (1) Show nonmatch: The player chose a nonmatch chip and was asked to show it. As a consequence, the player suffers a loss asset classes. The high and low asset classes comprised 10% and 12% of the remaining game rounds, respectively. by getting back the picked chip plus two additional chips (i.e., ϩ2). The player has a relative loss of three, since he could have disposed of one chip [i.e., (ϩ2) Ϫ (Ϫ1) ϭ ϩ3].
fMRI Experimental Procedure (2) No-show nonmatch: The player chose a nonmatch chip and The subjects were given detailed instructions of the game's rules was asked to proceed with the game and choose another and practiced playing against the experimenter (I.K.) for a few chip. This outcome is an actual gain of the one chip that was rounds. Thus, when put in the scanner the game's rules were fully picked (i.e., Ϫ1), but a relative gain of three because the learned. The same experimenter (I.K.) ran all sessions and played nonmatch choice was not exposed [i.e., (Ϫ1) Ϫ (ϩ2) ϭ Ϫ3].
against all subjects. The experimenter was blind to the specific (3) Show match: The player chose a match chip and was asked chips assigned to the subject, as well as the choices made by the to show it. As a consequence, the player has an actual gain subject if not exposed. The experimenter heard instructive sounds of two, since he got disposed of the picked chip and one and, thus, knew the type of chip when the subject was asked to additional random chip from his assigned chips (i.e., Ϫ2).
expose it. The subject was aware of the fact that he played against However, the relative gain is only one [i.e., (Ϫ2) Ϫ (Ϫ1) ϭ the experimenter. Ϫ1].
The stimuli were projected onto a tangent screen mounted in front (4) No-show match: The player chose a match chip but was of the subject's eyes in the scanner, and viewed through a tilted asked to proceed with the game and choose another chip.
mirror. The commands for the player were presented visually by This outcome is an actual gain of the one chip that was picked words shown on the left corner of the board and aurally via head-(i.e., Ϫ1), but a relative loss of one chip, since the match phones. The subject played the game using a button box with three choice was not exposed [i.e., (Ϫ1) Ϫ (Ϫ2) ϭ ϩ1]. Figure 2A) . ent echo sequence was acquired on each subject, in order to allow Three intervals were highlighted for brain analyses: The "expecfor volume statistical analyses of signal changes during the game. tancy-to-outcome" interval was defined as starting after the selected chip was placed beside the master chip and ending when the opponent responded ( Figure 1C) . The fMRI response during this Image Analysis All fMRI data were processed using the BrainVoyager3.9 software interval was sorted according to the player's choice. To characterize the player's choices, a nonmatch choice index was defined as the package (http://www.brainvoyager.com) (Dierks et al., 1999; Goebel et al., 1998). Prior to statistical analysis of signal, all functional imdivision of nonmatch choices by the sum of match and nonmatch choices. This index represents a nonbiased choice when equal to ages were evaluated for quality of EPI. One subject was excluded from image analyses due to significant artifacts of functional images. 0.5 (exactly half of the events were nonmatch choices), a biased choice for match when smaller than 0.5 or to nonmatch when greater For each subject (n ϭ 12), the 2D functional images were superimposed on 2D anatomical images and incorporated into the 3D data than 0.5.
The "response-to-outcome" interval was defined as starting after set through trilinear interpolation. The complete data set was transformed into Talairach space (Talairach and Tournoux, 1988). Pre-prothe opponent's response (either a "Show" or "Choose" command, Figure 1D ), and lasting for 7.5 s (average duration of the interval: cessing of functional scans included head movement assessment (scans with head movement of Ͼ1.5 mm were omitted), high-fre-7144 ms Ϯ 749 SD). The "response-to-outcome" interval following a "Choose" command (i.e., outcome of no-show) was similarly dequency temporal filtering and removal of linear trends. First, ROIs of the amygdala were defined anatomically for each fined. Finally, for this interval fMRI events were sorted according to the player's choice and the opponent's response. The opponent's subject. Amygdala borders were determined on the axial view and were limited by the tip of lateral ventricles. Group average for the responses were characterized with a show outcome index. 
